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NACA ATRCRAFT ENGINE RESEARCH LABORATORY

MEMORANDUM REPORT
for the

Alr Mmteriel Command, Army Alr Forces

IKVESTIGATION OF ICE FORMATION IN THE INDUCTION
SYSTEM OF AN ATRCRAFT ENGINE
II - FLIGET TESTS

By Henry A. Essex, Carl Ellisman
and Edward D. Zlotowskl

SUMMARY

Flight tests were conducted on a twln-englne fighter air-
plane at pressure altitudes up to 10,000 feet with simulated
conditions of moderate, hoavy, and excessive raln to determine
the inoroase in enthalpy of the charge air due to tho turbo-
supercharger, to determinoc the rato of emthalpy incrvase of the
charge alr resulting from & sudden inorease of onginoc power, and
to comparo the conditions that causod induction-systom icing in
£light with those that rcsulted in icing of tho same carburotor
and superchargor inlot olbow in laboratory tosts.

The eltcrnato air systom roduced the suscoptibility to icing
by excluding wator and by incroasing tho hoat input. Tho most
offootive ico protoction was found to be obtainable by operating
with ocloscd intorooolor flap, by timoly usc of the alternate air
system, and by increasing powor in order to provide moro hoat from
tho turbosuperchargor, The offoctive turbosupcrohargor heat input
wos approciably roduced bocause complote stoppage of the inter-
cooler cooling-air flow was found to be impossible, Tho maximm
hoat rise avanllable at the carburotor dock was not obtoined umtil
approximately 3 minutes aftor engine powor was suddenly lnoreasod
and appeared insufficiont to do-icc the induction system qulekly
onough 1f serious icing ocourred.

None of the flight tests resulted in serlious carburctor
icing and the induction system was found tobte susceptible to
serious loing only during low powor operation at low altitudes
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with high rates of water ingostion, which indlcated that the
laboratory~determinod conditions for sorious iocing are oconscr-
.vative. The most serious carburetor air-flow reduotion in these
tosts resultod from hoavy impact lcing, which blocksd tho ocarbu=
retor alr scoop and preventod operation of the alternate air valvo,

INTRODUCT ION

At the request of the Air Materisl Commend, Army Alr Foroces,
a gonoral lnvestigation of the formation and elimination of ico in
the induotion system of .a twin-ongine fighter airplane has boen con-
duoted at the NACA Cleveland laboratory. The exporimental work was
dividod into four separate parts: laboratory tests of a carburotor
and engino-stage supercharger assembly installed in a laboratory
duot sotup; dynomometer tests of a complete engines ground tosts of
the complete induction systom in the airplane; and actunl flight
tosts with simulated-rain ingestion, Tho flight tests reported
herein, which wore conducted from March to May 1946, furnished data
that were unobtninable in the luboratory and ground tests (refor-
onces 1 and 2, rospoctivoly) beoause the offects of the turbosupor-
oharger and the intercooler at altitudo could bo satisfactorily
roproduced only in flight.

The laboratory tosts of the carburstor and supcrchargor
assombly (referenco 1) determinied the limiting-icing conditions in
terms of charge-air enthalpy (termed “heat contont" in ruforonce 1)
and total wnter content at the ocarburotor deck, as woll as tho
offocts of soveral other variables. TUnpublishod multicylindor-
engine test results agreed favorobly writh the limiting-icing con-
ditlons previously c¢olorminad in the laboratory to .1 and gavo
additionnl jussificavnion for tho arbitrarily chosen oritcrlons for
gerlous jiocing. Tho epproximate rongos of chorge-alr cnthalpy and
total wotor content ati the carburotor dock that result in icing
condltions were detormined in the ground tests reportocd in
roforeonce 2,

The specific objoctives of the flight tests were as follows:
(a) to dotermine quantitativoly tho hoat added to the charge air by
the turbosupercharger and the resulting increase in charge-air on-
thalpy at tho carburetor desk; (b) to determine the rate of incroase
in chargoe-air enthalpy at the carburotor deck following a suddoen
inoreaso in ongine power; (o) to compare tho flight conditions of
charge alr at the carburetor deck and at tho extermal air scoop with
tho limiting-liocing conditions established at the carburetor deok in
laboratory tosts; and (d) to determine the effeots of icing of the
oir-scoop elbow on the functioning of the induotion =system.
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APPARATUB
The instrumented industion system of the %est

engine of the fighter airplane is shown in figure 1 and is fully
desoribed in reference 2. The additional inatrumentation for the
flight tosts included a swivel-head stutic tubo for determining
altitude, a reosistance-bulb thermometer celibrated for spoed
effects, and several shielded total-tempsrature thermocouples
for measuring ambient-alr temperature., The seotions of ducting
containing the obzervation ports used in the groumd tosts were
replaced by stonderd duct sections,

During most flight tests, the charge-air inlet tomporaturo,
the statlic prossure, and the dew poinmt were moasured just insido
the scoop (etation 1, fig. 1). When the altornate air system wus
in use, howovor, the ohargo-air temporature and the static pres-
sure woro moasurcd at the turbosuporchargor inlot (stotion 2),
but tho chargo-air dow point was measurcd at stution 1 bocause
the humidity at staticn 2 was not substantially differont from
that of tho froo air when no rain wae simulated.

DESCRIPTION OF TESTS

The temperature of tho fuol-air mixture, of the simulated
rain, aud of the fuel wero comtinuouszly recordod throughout tho
flight tosts,.

Tho rates at which water wus sprayed into tho carburetor oand
intercooler air scoops, as explainod in roference 2, wore ostimatod
for o true airspeed of 3E0 milos por hour and ralr ‘engities of
0.5, 1.0, and 2,0 groms of vmter por ocubic meter of air, which rep-

resont modorato, heavy, and excossive rain, respectivoly (referenco 3).

Calculations showed that, wut an airspecd of 360 miles per hour and
with rain-droplet diameters largur than 400 microns, most of the in-
torcoptod ralin would entor the intako regardless of tho quantity of
air entoring the scoop., Most of the flight tests, howcver, vero
conductod at true airspeods lcas than 360 miles per hour and, bocauso
no attempt was made to regulate the simulated-rain sprays in propor-
tion to the airspced, the aotual simulatod-rain densities wore higher
than tho original estimatos.

The method of conducting the flight tests was similar to that
developed for the ground tests reported in referonce 2. At the
desired altitude, the engine conditions of manifold pressuro and
speod were set for both enginos. When tho air tempercture had
stabllized, the automatic recording units were started and at the
same time the water flows to both the scoop and the intercooler duct
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wore started at presct ratos. During the tests, the pllot recordod
tho indiocated dow-point temperatures, the froe-air temperature, tho
carburotor-air temperature, and tho positions of the throttlo and
'bhe oxhaus‘b mste ga.te.

The flight tests were conduotod in th.ree series for which the
test ocondltions and induction-system configurations are listod in
tablos I, II, and III, Tests 1 to 4 (tablo I) wore made to study
the effeot of intercoocler-flap setting and the effect of altormato-
air inteke on charge-alr enthalpy in dry air at varlous power
sobttings., The determination of the increase in rate of enthalpy
rosulting from sudden inoreasos in ongine power was made in dry air
ot altltudes of 6000 feut in testas 5§ to 7 and 10,000 feet in tests
8 to 10 (table II). Tests 11l to 14 and 15 to 18 (table III) were
made at altitudes of 65000 and 10,000 feet, respsctively, to detormine
the not increaso in oharge~alr onthalpy at the carburetor deck in
dry air ond in simulated rain of various Intonsities arnd to correlate
tho icing in flight with that observed in the laboratory tests of
reforconco 1,

RESULTS AND DISCUSSION
Heat Supplied by the Turbosuperchargor

Intercooler flap opé.n. = Under all flight condi tions encowm-

torod in theso tests, the ohargoe~alr onthalpy was incrocasod in pass-
ing through thoe turbosuporchargor and the amount of inoroaso wns
grooter at high than at low manifold pressuros. Bocouse the exhaust
wosto-gate position for a glvun powcr condition was detormined by the
throttle setting, the manifold pressure at which tho turbosuporchurger
began effective operation dooroascd with altitude nd tho amount of
inoreasc in charge-air enthalpy at any manifold pressuro incroeased
with pressure altitudo,

At a pressuro altitude of 65000 feet in olear air, tho enthalpy
inoroaso across the turbosupercharger did not exseed 6 Btu por pound
of air below a manifold pressurc eof 42 inches of meroury absolute
but reached 11 Btu per pound at 60 Inchés of meréury absolute
(fige 2). At a pressure altitude of 10,000 feet, the onthalpy in-
oroase at manifold pressures below 32 inches of meroury absoluto
wog apprximately the same as that for 5000 feet but roached 19 Btu
por pound at a manifold pressure of 5O inches of morcury. Noither
the trond nor the values of cnthalpy increase were significently
ohu.nged by the ingestion of large amounts of simulated rain.

The data plotted in figure 3 arec tho results of a typlcal flight
tost to determine tho offect of the inmtercooler on tho charge-air
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enthalpy. In level flight at any altitude, an lnoroase in engine
powor rosulted in higher airspeed and the resulting increzse in tho
mass flow of lmteroooler~cooling air largely offset tho lmereasc in
turbosupercharger heat input, The net inoreass in chargo-air
enthalpy at the carburetor deck was only 2 Btu per pound at a pros=-
suro altitude of 6000 feet and 4 Btu por pound at 10,000 feet at a
manifold pressure of 44 inches of meroury in olear ailr.

Intercooler flap closecd. - In clear air at an altitudo of
appro oly oet, whoen theo alternate alr inteke was used,
anproximately two-thirds of tho turbosupsrchargor heat input wos
Temovod because of the leakage of cooling air past the closed inter-
coolor flap (fig. 4 (a)), but the net gain in chargo-air enthalpy
was greater than for the runs with ram alr intake at the samo alti-
tude (fig. 4 (b)). The net gain in charge-air enthalpy was greater
bocauee, for a given manifold prossuro, the pressure drop through
the air filter in the altermate air imtakc requires a wider throttle
opening than the ram air intako, which results in an earlier opcra-
tion of tho turbosupercharger and o corrosponding increasc in tho
heat suppliod to tho charge air, Thc net increase in chargo-air
enthalpy at a manifold pressure of 44 inches of morcury was only
b Btu por pound with altermato air and 3 Btu per pound with ram
air inteko,

Tho possibility of induotion-systom icing 1s losesnod when
tho altcrnate air intake is uscd, not orly becauso the availablce
turbosupcrcharger huat input is gronter but also bicause froo wator
is prevontod from ontoring theo induction systom,

Rote of increaso in chargo-air enthalpy roculting from suddon
incroase of engine power. - 1n Tiguros 5, 6, and 7, thc changd in

charge-air temperaturc and enthalpy at the carburoctor deck 1s
prosontod for sudden incrcascs in power from tho reforeonce sotting
of 60-poroent rated powor ot altitudes of 5000 and 10,000 foet in
cloar air.

TWith ram air lntake and intercooler flap open and olosod at &
prossurc altitude of 5000 feot (figs. 5 (a) and 6 (a), respoctively),
the net chango in ‘enthalpy was loss than 1 Btu por pound. When tho
ram air inteke was switched to altornate air inteke and the intor-
coolor flap was closoud, not enthalpy inorocascs of 1 end 5 Btv por
pound wore obteained by increasing powor to 75-percont and 100«
porcont normal rated powor, respoctivoly, with a maximum rato of
onthalpy incrcaso of 2 Btu por pound por minuto for 100-poroont
normal rated powor (fig. 7 (a)).

The net enthalpy incroaso ot am altitudo of 10,000 feot was
nogligiblo with ram air intake and intercooler flap opcn (fig. & (b))
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but, during tosts with the intorcooler flap closed (fig. 6 (b)),

a not inoreoase in chargo-air enthalpy of ncarly 4 Btu per pownd
occurred 2 minutes after powor was incroased to approxdmately 90
porcont normal rated powor with a maximm inecrease in rate of
onthalpy of 2,6 Btu per pound per minute. Figure 7 (b) shows that,
whon the ram alr Intoke was changed to tho alternmato alr intako as
powor was inercased with the intorcocoler flap closed, the net on-
thalpy increase was 7 Btu per pound of charge air in 4 minuvtos when .
power wos incroased to approximatoly 90-porcent normal ratod powor
end 9 Btu in 3 minutos when powor was incrvased to 100-percont
normal rated powor. Tho maximum increases in rate of enthalpy wore
3.0 and 4.0 Btu por pound por minuto for increases of ongino power
to 90-porcont and 100-porcont normal ratod power, rospoctivoly.

Tho additional hoat riso available from tho turbosuporchargor
whon powcr was incrcasod from 60- to 100-porcont normal rated powor
appours inadoquato for offoetivo do~-icing of this induotion systom
whon compared with that us.d to do-lco tho laborantory sotup as re-
portod 1n rcfurence 4, In table I of rofurenco 4, it is shown
that do-ioing *+imo of the laboratory sotup was 0.6 minute or loss
whon thc cnthalpy of hoatud chargo air waos morc than 27 Btu per
pound groator than that of the iocing ohargo cir. Up to 9 minutcs
wero roquircd for do-icing with enthalpy incrcascs of alightly
loss than 27 Btu. Rcliance on inervasuv of turbosuporchargor hoct
input for omsrgoncy do-icing apncars huzardous Locauso of tho longth
of timo roquired to obtain tho full hoat risc and tho avaeilability
of o maximum cnthalpy increcaso of only 9 Btu pur pound undor tho
most favorablc conditions at norrml rated power.

Corrolation of laboratory and flight-tost results. - Limitiug-
icing-conditions curves of carburator-air tomporaturv end water con-
tont for a simulated altitude of 2000 foct as doturminced in the
laboratory tosts of rcforomso 1 for low-orulsc, high-cruiso, and
normal-ratod-powcr conditions arc reproduced in figuros 8, 9, and
10, rospoctively. Thc corituvrlion for scrious lcing in tho induction
systom had buon sclectod as a 2-porcont rcduction of initlal air-
flow rato in 15 minutes but most 1nstqneos of sorlous icing resultod
in 10 minutes (roforcnco 1); thoreforo, l0-minute flight tost runms
woro docmod satisfactory. Tho charge-alr tomporaturc end humidity
conditions at tho carburotor top dock obsorvod in the flight tosts
aro presonted on theso lim:ting-conditiones curves for corrosponding
ongino powors.

At low crulse powsr, or 60-purcont rated power, four runs rosultod
in corburctor-deck conditions that foll into the sorious-ioing rogion,
as dotorminocd fraom the loboratory data, but did not rosult in scvrious
icing during tho 10-minute duration of thc flight runs. Tho ono test
f£light at high oruise power (fig. 9), for which tho carburetor-dock
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conditions ocourred in the serious-icing rogion, did not result in
sorious icing., At normel raoted powor (fig. 10), noao of tho flight
" tosts resultod in conditions of ocarburetor air in the serious-icing
rogion.

The eotual reductions in air-flow rato caused by iocing during
those tests wore found to be groator at an altitude of 5000 foot
thon at 10,000 feet for o given power conmdition, and they wore found
to be greator during low powor oporation than high powor oporation
for a given altitude. Theso results corroborate those of referonoco
1, which show that the sevorlity of oarburotor icing decroases as tho
throttlo angle increases. This throttle-angle effoot and tho fact
that AN-F-28, Amendmont-2, fuel wos used in the f£light te-ts, instond
of tho moro volatile AN-F-22 fuol uscd in tho laborator tests of
roforenoce 1, probably account for the fact that tho laboratory-
dotermincd limiting-icing conditions appoar conservativoe, It 1s
ovidcot from a comparison of the flight and laborntory limiting-
icing date that the smallcr throttlo anglos and the moro volatile
fucl used in tho laboratory tests producoed carburotor icing more
sovcre than cnecountorcd in flight at prussurc al+itudos abovo 2000
feot. Thoruforc, only duriug flight opcration at low altitude and
low powor with high watcr-ingostion ratus are tho carburotor conci-
tions likuly to produco sorious icing,

Impact iocing. - The umbicnt-air tomperaturo during throv tust
flights was bolow 32° F and, consoquently, whon wator was injoctod
into tho carburctor and intorcoolur ulr scoops, impact icing occirred
in tho curburotor-air scoop elbow end on the irtereooler coro. Ice
accumulatod at the inlct olbow of tho carburctor-alr scoop in cuffi-
ciont quantity to readcr tho altornate air solcetor wvalve inojcriblo
and to cavse sorious mir-flow losscs, Timo roocords of air-flow rato
and monifold pressure for runs mado with an initial manifold pressuro
of 356 inchos of morcury absoluto aro prusented in figure 11,

An acoumulation of impact ico at the face of the intcroooler
proventod offoctive intorcooling and purmittod the charge-air onthalpy
at tho carburetor deck to riso above tho limits of sorious carburctor
icing. Inasmuch as it has boon shown that ths laboratory-doterminod
limits of sorious iocing are comsorvative when appliod to flight ocon-
ditions at on altitude of 10,000 fect, carburotor ioing caused by
fuol ovaporation could not have bocn prosent.

Cne impact icing run (fiz. 11 (b)) that did not osume a sorious
air-flow drop was mado with thu altornate oir wvalve frozon in the
alternato position. Tho wvalve could not bu froed by manipulation
of the seloctor valvo control and tho ice lasted until aftor tho
ailrpkino returned to tho ground.
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SUMMARY OF RESULTS

Tho followlng rosults wero obtalned from flight tcsts of tho
twin-ongine fightor airplane made at pressure altitudes of 3500,
6000, and 10,000 foet and aro applicable to operation at thoso
altitudos:

l. No sorious corburctor locing was encowmtorod during those
toste and results indioatcd thot the airplane inductlon system is
susceptible to serious carburotar ioing only dwring low power opor=
otion at low altitudos with high rautos of wntor ingostion,

2. Tho flight test dota Indicate that the laboratory-
doterminod conditions for sorious lcing aro comservativo,

3. The susceptibllity to loing is reduced by using the alter-
natc alr intake, not only bcoause watcr 1s oxsluded but also b ecauso
wlder throttle oponings are required and inorcased turbosuper-
chorgor hoat input rosults from the incroased prossuro lossos.

4, Tho most sorious alr-flow rcduction was not duo to

.carburotor ioin; but ocourrod when the alternate air valve was

frozon shut by impact ice in tho air intake and oould not be
freed by manipulation of the cnntrols,

6. During icing at subfroeging sjibiont-air tamperaturo, the
faco of tho intercoolcr booume blookud with ice and, consequently,
morc cf thoe turbosupcrcharger heat input was rctained by tho charge
air to prevent icing at or bolow tho carburotor,

6. The maximum availablc onthelpy inorcase of 9 Btu pcr pound
of ochargo air that ocourred approximutoly 3 minutos aftor a suddcn
inoroaso to rated ongino powor with altormte air intake and intor-
coolor flep closed 1s, according to leboratory-test results, insuf-
ficiert to do-ice this induction system in an omorgonpy if sorlous
carburotor icing woro to ocour,

_. 7. Tho induction systom probobly will lec only ct low ongino
power; at low altitude and with high ratoes of water ingostion:
gerious loing can bo provonted by propor operation of tho airpluno.

8. Protoction from icing my bo obtelned by operating tho
airplane with tho intorcoolor flap closod, by using the altcranato
air system beforo tho valve bacomos frozen with impact ico, and
by increasing ongine power in order to opon the throttlos wilder
and to ircroase the turbosuporchorger heat input,
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9, Moro of tho turbosupoerchorger hoat input oould be

rotainod by the chargo air for omorgoncy do-icing and ico provons
tion if tho intercoolor flap werc tight omough to provent tho flow
of all cooling air through the intorcoolor.

Airoraft Engine Rosoarch Loboratory,

1,

Se

4,

Hotional Advisory Committeo for Aoromautios,
Clovoland, Ohio.
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TABLE I - INVESTIGATION OF EFFECT OF INDUCTLON-SYSTEM

CONFIGURATTION O CHARGE-ATR ENTHALPY IN DRY AIR

Pressure Menifold Engine!lntorcooler- Chargo-alr
Test altitudoipressure spooed [flap sobtting lintake
(in. Bg |(rpm)
absolute)
1 |PFroezing| 20.0 1875 Oper: Ram
levol 35.0 2300
. 43.5 2600 :
50.0 2e0C
2 {-=--do--=-; 20.0 1875 |~-~=~0~=====- Altornatc
35.0 2200
43.5 2620
50.C 2920
3 |=-=-=do---| 20.0 1875 Closod Ran
5.0 2300
| 43.5 2600
i 50.0 2200
1
4 | -~-do---{ 20.0 1975 ! we-dOmmeenn- jAltornato
35.0 2300 i
43.5 2600 I
50.0 2300 !

NATTONAL ADVISORY COMMITTEE
FOR AERONAUTICS
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TAELE IT - INVESTIGATION OF EFFECT ON RATE OF INCREASE IN CHARGE-AIR ENTHALPY

WITH SUDDEN POWER INCREASE IN IRY AIR

" Pressure Initial stabilized conditicns H Incroased power conditlons .
altitude{Manifold |Engine|approximate,Inter- ;Cnarge-i{dManifold 1 Approximate| Inter- jCharge-
Test| (ft) |pressurs !speed |normal cooloxr- lair Trossure |speod jnormal cooler-lair
(in. Bg |(rpm) |retod power,flap |inteke |(in. Hg |(rpm) jrated power|flap [intake
absolute) (percent) |setting absolute) (percent) |setting|!
5| 5,000 30,0 2200 60 Open Ram | 35.0 2300 75 | open |- Ram
' j 37.0 | 2300 80
39.3 2600 90 ) ;
6| 5,000] 30.0 | 2200 60 Closed lew-do--] 35.0 | 2300 75 Closed |! Do.
37.0 | 2500 80 i
33.3 2600 30
7 5,000 30,0 2200 60 «==dQ=~fj~=~do--] 35.0 2300 15 -=-do--|Alter-
37.0 2300 90 nate
i 39.3 Z600 S0
8| 10,000 | 30.0 | 2200 60 Oren  |---d0--| 35.0 | 2300 75 Open | Rem
37.0 2320 eo
3S.3 2600 g0
9, 19,000 30.0 2200 | 60 !Closed ~==do-~| 35.0 2300 75 Closed Do.
! 37.0 | 2300 80
i 38.3 2600 90
10 { 30,000 | 30.0 | 2200 B0 | -~=~30==|--=do--| 35.0 | 2300 75 -medo=-Alter=
i 37.0 2300 80 nato
! 39.3 i 2600 90

NATIONAL ADVISORY COMMITTER

FOR AEROHAUTICS

STI9E °"ON W71 YOTN

s
[
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TABLE III - INVESTIGATION OF ICING CHARACTERISTICS AND NET INCREASE

 IN CHARGE-AIR ENTHALPY AT SIMULATED-RAIN CONDITIONS

Pressure |Manifold |Engine|Intercooler- Charge-|Water ingestion, lb/min
Test|altitude|pressure |speed |[flap setting|alr Intercooler|Alr scoop
(re) (in. Hg (rpm) | - . intake
absolute)

11 5,000 25.0 2200 Open Ram None None
30.0 2200
35.0 2300
43.5 2600
50.0 2800

12 5,000 25.0 2200 |==-~d0=w-=-- --=-do-~ 0,275 0.55
30.0 2200
38.0 2300
43.5 2600
§0.0 2800

13 5, 000 25.0 2200 |=--docc-w==-- -=-do-- 0.55 1.10
30.0 2200
35.0 2500
43.5 2600
50.0 2800

14 5,000 25.0 2200 |-~-do~===--- ~--do--~ 1.10 2,20
30.0 2200
35.0 2300
43.5 2600
50.0 2800

15 10,000 25.0 2200 |«--do=-=---- -=-=-do~-- None None
30.0 2200
35.0 2300
43.5 2600
50.0 2800

16 10,000 £5.0 2200 |-=--do=c=~=-~= -==do=-=- 0.275 0.55
30.0 2200
35.0 2300
43.5 2600
50.0 2800

17 10,000 25.0 2200 ]-=-do=--re=== |s=cdo-- 0.55 l.10
30.0 2200
35.0 2300
43.5 2600
50.0 2800

18 10,000 25.0 2200 |-==-do==-=~=-- -|==-=do~~ 1.10 2.20
30,0 2200
35.0 2300
43.5 2600
60.0 2800
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Carburetor

Engine-stage
supercharger

Station | ‘
Air-scoop entrance

One shielded thermocouple
"Three static-pressure taps
One water-spray bar
One air-sampling tube

Station 2
Turbosupercharger entrance

"One shielded thermocouple
Three static-pressure taps

One double port air-sampling
rake

Figure I, - Right-engine induction

Station 4
Carburetor deck

Three shieided thermocouples
Three static=pressure taps

One triple port air-sampling
rake

intercooler Y
Cooling-air duct !

One shielded thermocouple
One water-spray dbar
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\\\—— Station 3

Intercooler entrance

Three shielded thermocouples
Three static-pressure taps
One tripie port air-sampling
rake

Air filter
wheel well

Alternate air
«— System
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system of a twin-engine fighter airplane instrumented

for flight icing tests.



Increase in charge-air enthalpy across turbosupercharger, Btu/lb dry air

20

16

Altitude, 5000 feet

O Dry runs

O Simulated moderate rain
¢ Simulated heavy rain

A Simulated excessive rain

Altitude, 10,000 feet

Dry runs

Simulated moderate rain
Q Simulated heavy rain
A, Simulated excessive rain

(fe)

Altitude.
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/

‘//;%;,'10,000:
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4 vy —
/' a
A
/
NATIONAL ADVISORY '
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0
20 21, 28 32 36 40 INA 48 52
Manifold pressure, in. Hg absolute
Manifold pressure, in. Hg absolute
Figure 2. - Enthalpy increase in charge air passing through turbosupercharger; intercooler L

flaps open.
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Increase in charge-air enthalpy, Btu/lb dry air

True
airspeed,
mph

[
o

O Increase in enthalpy of charge air from NAT IONAL ADV ISORY .
air scoop through turbosupercharger COMMITTEE FOR AERONAUTICS

+ Net increase in enthalpy of charge air
from air scoop through induction
system to carburetor deck

X True airspeed
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+
0
300 el ‘ —
—1 L
200 *’/’1 l — »
20 0 40 50 20 30 40 50
Manifold pressure, in, Hg absclute
(a) Altitude, 5000 feet. (b) Altitude, 10,000 feet,

Figure 3. - Effect of intercooler on enthalpy of charge air at altitudes of 5000 and 10, 000
feet with no simulated rain; intercooler flaps full open.
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O Increase in enthalpy of charge air from NAT JONAL ADVISORY
air scoop through turbosupercharger COMMITTEE FOR AERONAUTICS

+ Net increase in enthalpy of charge air
from air scoop through induction

system to carburetor deck
tx True airspeed
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Increase in charge-air enthalpy, Btu/lb dry air

&
3

w
S

g

True airspeed, mph

8

v /x_/#
/ /
/
20 30 40 50 20 30 40 50
Manifold pressure, in, Hg absolute
(a) Alternate air intake, (b) Ram air intake,

Figure 4. - Effect of intercooler on enthalpy of charge air at approximate altitude of 3500 feet.
with no simulated rain; intercooler flaps full closed.
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Change in charge-air temperature
at carburetor deck, °F
=4
<

O Power increased to approximately
75~percent normal rated power
+ Power increased to approximately
80-percent normal rated power
X Power increased to approximately
90-percent normal rated power

Change in charge-air enthalpy at
carburetor deck, Btu/lb dry air

2
- e a ‘}f:’ -_i“i
0 = ==8 & Fvid
-2 0 2 L -2 0 2 4
Time, min
(a) Altitude, 5000 feet, (b) Altitude, 10,000 feet.

Figure 5. - Enthalpy and temperature rise of charge air resulting from sudden increase in engine power
from initial power setting of 60-percent normal rated power with ram air intake and intercooler
flap in full-open position,
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Change in charge-air temperature

O Power increased to appraximately
75~percent normal rated power
+ Power increased to approximately
80-percent normal rated power
X Power increased to approximately
90-percent normal rated power

py at
b dry air
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carburetor deck, Btu/l

Change in charge-air enthal

(a) Altitude, 5000 feet.

Figure 6. - Enthalpy and temperature rise of char
power from initial power setting of 60-percent n
cooler flap in full-closed position,
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Figure 7. - Enthalpy and temperature rise of charge air resulting from sudden increase in engine
power from initial power setting of 60-percent normal rated power and change from ram air intake
to alternate air intake with intercooler flap in full-closed position.

T wm

VOVN

‘ON YN

91393



NACA MR No. ESEI6
110
NAT IONAL ADV ISORY 4
COMMITTEE FOR AERONAUT ICS —~ /
//" \\ /
100 No visible icing / \ /
. )2 Y
/ \
4
r/ I / '
90 Visible icing
/ TV
|/
/ \/
80 ./ \/
7 =
y ~
/] &
7 ~
/ 5
70 y) g
/ s/
o
|/ .
o / éP
- / ~3
§ 60 .' 4
5 ; ki
g o '
§, Vi
3 [o YT}
S
% 50 y) Y] A ')‘ T ind
4 / / / I~
38 x .
bt / 4 Serious icing
5 ) /
L
§ / / A L . -
S Lo . ————a@me@mmmﬂmuM
] / / vigible icing (reference 1)
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f ] // serious icing (reference 1)
y / / Pressure Ambient-air Simulated Manifold Engine True
30 } altitude temperature rain pressure speed airspeed
/ ] (ft) (°F) (in. H§ (rpm) (mph)
/ abs.
I c 5,155 43 None 29.7 2175 253
/ 0o 4,970 54 Moderate 29.9 2175 251
20 K /| 4 5,090 46 Heavy 29.9 2175 254
7 / N 5,070 43 Excessive 29,1 2175 256
/ d 9,995 38 None 29.9 2175 272
/| o 10,170 L0 Moderate  29.9 2160 272
4 10,000 38 Heavy 30,1 2175 271
II X 10,040 38 Excessive 30,1 2195 276
10
.001 .002 .003 .004 006 .008 ,010 .020 .030 040 .060 ,080 .100
Total water content, lbs1lb dry air
Figure 8. - Comparison of laboratory and flight icing characteristics at low cruise power.

(Curves from laboratory tests of reference 1.)
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/ V.
[/
)4
| /| Pressure Ambient-air Simulated Manifold Engine True
0 I altitude temperature rain pressure speed airspeed
/ / (ft) °F) (in. H? (rpm) (mph)
abs,
' / ¢ 5,175 42 None 35,1 2270 276
/ - 0O 4,855 55 Moderate 34.9 2280 275
20 L/ 4 4,995 25 Heavy  35.1 2300 277
}/ n 5,110 43 Excessive 34.4 2270 27
o 10,090 40 None 35,2 2300 294
/] d 10,205 42 Moderate  34.7 2260 295
4 10,000 37 Heavy 34,8 2280 294
. K 10,070 ® Excessive 35.0 2280 302
10!
.001 .00 .003 .004 006 .008 .010 .00 .030 .040 .060 .080 .100

Total water content, 1b/1b dry air

Figure 9. — Comparison of laboratory ana fligntu icing onaracteristics at high cruise power.

(Curves from laboratory tests of reference I.)
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Figure 10. ~ Comparison of laboratory and flight icing characteristics at normal rated
power. (Curves from laboratory tests of reference 1.)
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(a) Ram air intake; ambient-
air temperature, 20° P;
altitede, 9737 feet;
true airspeed, 292 mph;
engine speed, 2270 rpm,

Figure 11, - Effect of air-scoop
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(b) Alternate air intake; ambient-

air temperature, 19° F;
altitude, 9638 feet; true
airspeed, 290 mph; engine
speed, 2280 rpm.
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0 5 10

(c) Ram air intske; ambient-air
temperature, 28° F; alti-
tude, 10,105 feet; true
airspeed, 294 mph; engine
speed, 2280 rpm.

impact icing on air flow and engine manifold pressure,
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